recent embodiment research revealed that cognitive processes can be influenced by bodily cues. some of these cues were found to elicit disparate effects on cognition. For instance, weight sensations can inhibit problem-solving performance, but were shown to increase judgments regarding recall probability (judgments of learning; Jols) in memory tasks. We investigated the effects of physical effort on learning and metacognition by conducting two studies in which we varied whether a backpack was worn or not while 20 nouns were to be learned. Participants entered a Jol for each word and completed a recall test. experiment 1 (N = 18) revealed that exerting physical effort by wearing a backpack led to higher Jols for easy nouns, without a notable effect on difficult nouns. Participants who wore a backpack reached higher recall scores. therefore, physical effort may act as a form of desirable difficulty during learning. in experiment 2 (N = 30), the influence of physical effort on Jols and learning disappeared when more difficult nouns were to be learned, implying that a high cognitive load may diminish bodily effects. these findings suggest that physical effort mainly influences superficial modes of thought and raise doubts concerning the explanatory power of metaphor-centered accounts of embodiment for higher-level cognition. 
IntroductIon
How do bodily cues affect higher-level cognitive processing, such as learning and metacognition? Previous research has shown that bodily perception is able to influence cognitive processes in a multitude of ways (Barsalou, 1999 (Barsalou, , 2008 Glenberg, 2010) . As an example, the bodily perception of weight cues has been found to increase judgments regarding the importance of information on paper sheets affixed to heavy clipboards (Ackerman, Nocera, & Bargh, 2010) as well as regarding the importance of the contents of heavy books (Chandler, Reinhard, & Schwartz, 2012) . As Jostmann, Lakens, and Schubert (2009) argue, the physical effort that is required for carrying heavier objects may act as a bodily trigger to put more cognitive effort into a task. In two studies, we aimed to assess whether physical effort enhances learning performance and whether metacognitive judgments are positively affected.
Furthermore, we addressed whether theoretical frameworks, such as conceptual metaphor theory (e.g., Lakoff & Johnson, 1980) , provide an adequate explanation for more complex embodiment effects on cognition.
As an example for research on the bodily cue of physical effort, people tend to judge hills to be steeper when they are wearing a heavy backpack compared with not wearing a backpack (Bhalla & Proffitt, this is an open access article under the cc By-nc-nd license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
we interpreted the operationalization of physical effort in the studies by Koriat and Nussinson to be confounded and regarded further research on the role of physical effort on metacognition and learning as necessary. In sum, physical demands appear to impact the subjective assessment and allocation of cognitive effort. Yet, a more comprehensive explanation for the variety of divergent effects of physical effort on higher-level cognition found in the literature appears to be missing.
The effects of embodiment manipulations are often explained in terms of conceptual metaphor theory (for an overview, see Lee & Schwarz, 2014) , a model in which bodily cues are said to influence abstract cognitive processes by activating conceptual metaphors associated with those specific bodily experiences (Lakoff & Johnson, 1980 , 1999 . Consequently, judgments and decisions may be biased by the influence of the mentally activated metaphor so that, for instance, information displayed on a heavy object is judged to be more important than the same information displayed on a light object (e.g., Ackerman et al., 2010) . One problematic aspect of this theory criticized in the literature is that it allows conflicting predictions regarding embodiment effects. Murphy (1996) discusses the problem of unrelated information contained within the conceptual space of the metaphorically used term being mapped to a target entity. When we apply this criticism to the problem at hand, the limitations of conceptual metaphor theory in explaining embodiment effects strikingly become apparent. In the case of weight manipulations, embodiment effects have been explained with reference to the metaphor of importance (Ackerman et al., 2010; Jostmann et al., 2009) or by referring to the metaphor of weight as a burden (Kouchaki, Gino, & Jami, 2014; Slepian, Masicampo, Toosi, & Ambady, 2012) , allowing the prediction of both positive and negative effects on cognition originating from the perception of one and the same stimulus (see Kaufmann & Allen, 2014 , for a related discussion of the variable meaning of weight cues).
The metaphorical link of weight to the concept of importance suggests rising JOLs and enhanced learning performance (as discussed by Alban & Kelley, 2013) . However, considering weight as associated with the concept of burden may at the same time imply a negative effect on task performance, as some studies suggest (Kaspar & Vennekötter, 2015; Slepian et al., 2012) , namely lower JOLs and decreased learning performance. This is a result of the range of information linked to a concept being too diverse, enabling unrelated information to be mapped to a target (Murphy, 1996) . Consequently, conceptual metaphor theory appears to be an unsuitable theoretical framework for our particular experimental setting in which weight is used as a means to generate physical effort.
Even more troubling than these theoretical issues are recent findings questioning the validity of studies conducted based on the idea of weight metaphors. A variety of weight effects on judgments could not be replicated, and the issue of publication bias has been raised consequently (Rabelo, Keller, Pilati, & Wicherts, 2015) . In addition, studies involving backpack manipulations of physical effort aimed at biasing judgments have become the subject of critique as well, for problems with replicability and for theoretical considerations (Durgin, Klein, Spiegel, Strawser, & Williams, 2012; Firestone, 2013) . These controversies highlight that great caution must be taken when designing and interpreting studies dealing with embodiment. Some of these problems could be avoided by formulating hypotheses based on more basic theoretical entities, such as arousal, rather than metaphoric relationships.
http://www.ac-psych.org 2017 • volume 13(1) • 3-10 5 Lee and Schwarz (2014) offer an overview of processes involved in embodiment manipulations that may help to better understand the effects of physical effort on cognition. They distinguish between embodiment effects that involve metaphors and those that do not. On the one hand, they assume the existence of embodiment effects not mediated by metaphors including bodily influences on cognition related to the general arousal level or facial expressions. On the other hand, they argue that some embodiment effects ensuing from metaphorically laden bodily cues are indeed able to influence people's behavior and decision-making as a result of being reminded of certain mental states in a manner that bears a relation to that metaphor. We designed our experiment in a way that avoids a link between the bodily sensation and metaphors. Instead of using a weight manipulation physically attached to the learning target, such as clipboards or printed objects, we used a heavy backpack to induce physical effort (following Bhalla & Proffitt, 1999) . Applying weight directly to the body instead of varying the weight of objects on which the learning targets are imprinted spatially disconnects the weight sensation from the learning materials, making a metaphor-based explanation implausible (see Kaufmann & Allen, 2014 , for a discussion of a similar use of a backpack manipulation).
Rather, we assume that bodily cues, such as physical effort, may be utilized as an indicator for cognitive effort required by a task, causing more attention to be allocated towards a physically more demanding task (as proposed by Jostmann et al., 2009) . A related argument was put forth by Alban and Kelley (2013) , who claim that strong differences in weight may be able to direct attention towards stimuli, thereby potentially enhancing learning performance. Choi, Van Merriënboer, and Paas (2014) stress the importance of the physical surroundings in learning tasks. Among other effects that the environment can have on learners, they cite R. A. Bjork's (1994) work on "desirable difficulties. " Desirable difficulties are defined as properties of learning tasks that promote learning through generating difficulty, such as the use of learning strategies making learning less predictable (E. L. Bjork & Bjork, 2011 ). An example for learning task factors introducing difficulties that might initially appear harmful to learning but has been found to actually increase learning performance is the use of learning materials presented in low visual quality (Eitel, Kühl, Scheiter, & Gerjets, 2014) . Similarly, exerting physical effort during learning may prove to be a desirable difficulty, promoting a stronger focus on the learning contents.
To more closely assess the interplay between the relevant cognitive pathways for embodied information processing, we also aim to investigate the limits of bodily influences in higher-level cognitive processes, such as learning and metacognition. Maglio and Trope (2012) have provided evidence for the claim that embodiment manipulations primarily affect judgments if a low-level thought mode has been triggered, suggesting that more deliberate cognitive processes are not as easily influenced by bodily cues. In one of their studies, participants were asked to estimate the length of a hallway while either wearing a heavy backpack or not wearing a backpack. As a second experimental factor, Maglio and Trope induced high-and low-level modes of thinking by giving their participants different writing tasks before the estimation task. Only those participants whose superficial thinking mode had been activated were susceptible to the embodiment manipulation.
Furthermore, a higher overall cognitive load diminished effects on judgment processes in experiments by Jiang and Hong (2014) . In their study, processing fluency influenced judgments, but only when the overall cognitive load required for the task was low. Consequently, we assumed that cognitive load might have a similar inhibitory influence on embodiment effects. In the research area of metacognition, Alter, Oppenheimer, Epley, and Eyre (2007) proposed a dual-process model of metacognition stating that difficulty acts as a trigger for more thorough modes of thought. Considering the results of Maglio and Trope, this model provides further evidence for the claim that embodiment effects on metacognition may be limited to superficial modes of information processing. In accordance with these findings, the influence of weight cues may be restricted to superficial cognitive processing routes, hence only affecting the JOLs of easy words in a learning task.
In addition, the presented findings suggested that cognitive overload may negate bodily effects on JOLs.
We conducted two experiments in which participants learned words of varying difficulty levels and provided JOLs while either exerting physical effort or not. Based on the reviewed literature, we hypothesized that people wearing a backpack would report higher JOLs but only during superficial processing triggered by easy words. Similarly, we predicted higher learning outcomes for participants wearing a backpack, based on the assumption that the physical effort required by carrying the backpack would lead to an increase in perceived task demands, guiding attention towards the learning targets. An increased overall cognitive load induced by highly difficult words should nullify these effects.
ExpErImEnt 1

Method
ParticiPants
Since previous studies using comparable backpack manipulations yielded large effect sizes (e.g., Proffitt, Stefanucci, Banton, & Epstein, 2003) , we calculated our sample size based on an estimated effect of η p 2 = .12, with a power of .80, resulting in a required sample size of 18 participants. We tested 18 participants (14 female, 4 male; M age = 25.6, SD age = 2.69) who were German native speakers studying at or having graduated from a German university. They participated for course credit or monetary reward. Participants were randomly assigned to a condition and were distributed equally between the two experimental
conditions. An age limit of 30 years kept both groups comparable.
Materials
The learning materials consisted of 21 nouns (10 easy, 10 difficult, and one practice item of medium difficulty) that were pre-tested and compiled using the following procedure: Forty German native speakers rated 200 nouns in randomized order regarding their memorization that each word would only be displayed for 5 s, while there would be no time limit for entering their JOL. Since JOLs had to be entered on the tablet screen using a slider control, participants were now asked to familiarize themselves with this type of control by dragging a practice slider to a position of their choice. The instructions re-appeared and participants entered the learning stage. Participants started this stage with a trial featuring the practice word of medium difficulty before the 20 easy or difficult learning targets were displayed in randomized order. Since all participants learned all 20 learning targets, the factor difficulty was a within-subject factor. Each word appeared on the tablet screen for 5 s. Next, participants entered a corresponding JOL by using a slider control (0% to 100% probability of recall) and repeated this procedure with each of the remaining words. After the learning phase, participants were asked to sit down at a desk and were given 3 min to write down all words they could recall, followed by filling out a 
scoring
Only words that were recalled without any spelling mistakes were scored as correct and were awarded with one point. The practice item was not included in the learning performance score or any other analysis. Thus, a maximum of 20 points could be earned.
Results
All analyses of variance (ANOVAs) were computed using aligned rank transformation (Salter & Fawcett, 1985) Mean judgments of learning (Jols) for experiment 1 (A) and mean retention score for experiment 1 (B; maximum score of 20). Jol error bars depict the standard error of the mean and were normalized using the procedure described by Morey (2008) . retention error bars depict the standard deviation. 7
ExpErImEnt 2
We performed a second experiment to assess the effects of physical effort and cognitive overload on metacognition and learning. Research on the Yerkes-Dodson law suggests that an optimal balance between physical and cognitive demands must be found in order to enhance cognitive performance (Teigen, 1994; Yerkes & Dodson, 1908) . Based on results showing that a high cognitive load can counteract experimental influences on judgments (Jiang & Hong, 2014), we hypothesized that the effects of physical effort on metacognition and learning would decrease with higher cognitive demands.
Method
ParticiPants
As we expected that a higher overall cognitive load would weaken the effects of physical effort, we decided to lower our estimated effect size to η p 2 = .07, with a power of .80, and accordingly planned to test 30 participants. Due to technical difficulties, the data from one participant had to be discarded and were replaced with data from an additional participant. We analyzed the data from 30 German native speakers (15 female, 15 male; M age = 24.74, SD age = 3.3) studying at or having graduated from a German university. They participated in the experiment for course credit or monetary reward. An age limit of 32 years kept both groups comparable. Condition assignment was randomized; 16 participants were assigned to wear a backpack.
Materials
The same materials as in Experiment 1 were used, except for the word list. To test whether the effects found in Experiment 1 generalized to learning situations with more difficult words and hence a higher overall cognitive load, we compiled a new word list featuring nouns of higher difficulty than the previously used words. For the new word list, the ten easy nouns from the previous experiment were used. We replaced the ten difficult words from the previous experiment with ten more difficult nouns. These words were compiled by pre-testing 45 nouns (five to six syllables) together with five words from the previous list that scored highest or lowest on one of the scales concreteness or emotional valence or lowest in perceived memorization difficulty.
The additional words were added to provide context for the ratings.
Nineteen German native speakers were tested online using the same procedure as described in the Materials section of Experiment 1.
Design anD ProceDure
The experimental design and procedure were identical to Experiment 1.
scoring
The scoring method was identical to Experiment 1.
Results
As for Experiment 1, all non-Bayesian ANOVAs were computed using aligned rank transformation (Salter & Fawcett, 1985) . Using a 2 × 2 mixed repeated measures ANOVA (Physical Effort × Word Difficulty), we found neither a main effect of physical effort on JOLs nor an interaction (both ps ≥ .621). However, there was a significant main effect of word difficulty, F(1, 28) = 135.01, p < .001, d = 4.4, with lower JOLs being entered for the more difficult words compared with the easy words (see Table 1 ).
As for recall performance, a 2 × 2 mixed ANOVA (Physical Effort × Word Difficulty) showed no significant effects (all ps ≥ .258), except for a main effect of word difficulty, F(1, 28) = 88.66, p < .001, d = 3.57, with lower recall performance for the more difficult words compared with the easy words (see Table 2 ). Again, the NASA-TLX indicated a higher physical demand when wearing the backpack (M = 6, SD = 4.58) compared with not wearing a backpack (M = 2.57, SD = 1.74), Note. BP = backpack group; easy = one to two syllable words, difficult = five to six syllable words. Standard errors were normalized using the procedure described by Morey (2008) . Note. BP = backpack group; easy = one to two syllable words, difficult = five to six syllable words. Standard deviations were normalized using the procedure described by Morey (2008) . 8 sources are distributed (Jostmann et al., 2009) . Experiment 2 expands the findings regarding the limits of embodiment effects by demonstrating that a high overall cognitive load induced by highly difficult words diminishes the effects of physical effort on learning and metacognition.
The absence of an embodiment effect due to cognitive overload further supports the models of Maglio and Trope (2012) and Alter et al. (2007) .
Due to the large effects on metacognition found in Experiment 1, we have strong grounds to accept the null hypothesis for Experiment 2.
Our Bayesian analyses provided further support for this interpretation.
Crucially, the differential effects of physical effort on metacognition depending upon word difficulty cannot be adequately explained by metaphor accounts of embodied cognition, such as conceptual metaphor theory. Furthermore, such models cannot account for the results of Experiment 2, as they provide no reason for why a high overall cognitive load should have nullified embodiment effects. As some researchers have attempted to explain more complex embodiment effects using extended models of conceptual metaphor theory that require certain preconditions to be met in order for an embodiment effect to ensue (e.g., Chandler et al., 2012) , one might hold the view that conceptual metaphor theory can be combined with a dual-process model of embodiment based on Maglio and Trope (2012) described above. However, we argue that the embodiment manipulation in our studies may be more properly categorized as being unrelated to metaphors within the taxonomy put forth by Lee and Schwarz (2014) .
Similarly, Kaufmann and Allen (2014) described a study design involving a backpack manipulation as a weight cue bearing no relation to a social judgment task, supporting the assumption that the induction of physical effort using a heavy backpack should not be regarded as invoking metaphorically related mental contents (see Kaspar & Vennekötter, 2015 , for a related critique of metaphor-based embodiment explanations).
Further research is needed to conclusively determine the underlying mechanisms that have led to our results. Based on our experiments, we argue that the exertion of physical effort resulted in a stronger focus of attentional resources that enhanced learning performance (a similar mechanism has been proposed by Alban & Kelley, 2013) . This interpretation is compatible with the idea that physical effort during learning may act as a type of desirable difficulty (see E. L. Bjork & Bjork, 2011) . Furthermore, our results are in line with perspectives dealing with the effects of arousal on learning. Higher physical effort and a (presumed) higher arousal appear to lead to an increased performance for easy stimuli, lending further support to the hypothesis that there is an optimum point of arousal for specific levels of mental effort (Teigen, 1994; Yerkes & Dodson, 1908) . Follow-up studies should more closely investigate how attention allocation during learning is affected by physical effort.
There are some limitations that need to be noted in our study. As in all studies for which university students and graduates are recruited as participants, certain restrictions regarding generalizability apply. In our experiments, students may have had more experience with memorizing words by means of rote learning than other people. As a result, using a Wilcoxon rank sum test, W = 170.5, p = .015 (all other NASA-TLX ps ≥ .173).
To provide conclusive evidence for the claim that the cognitive overload induced by the high word difficulty nullified the effects of physical effort on JOLs and retention performance, we conducted Bayesian ANOVAs using the same models specified in the previous analyses. For the influence of physical effort on JOLs, we found a BF 10 of 0.18 (error = ±3.23%), indicating that the null hypothesis is 5.6 times more likely than the alternative hypothesis. Regarding retention, the factor physical effort revealed a BF 10 of 0.38 (error = ±1.76%), demonstrating that the null hypothesis is 2.63 times more likely than the alternative hypothesis. According to the categories presented in Table   1 of Wetzels and Wagenmakers (2012; based on Jeffreys, 1961) , these results indicate "substantial evidence" and "anecdotal evidence" for the null hypothesis regarding JOLs and retention, respectively.
GEnEral dIscussIon
Physical effort induced by carrying weight strongly influences learning and metacognition, but this effect is limited to superficial information processing and low overall cognitive load. While previous research has often attempted to explain a wide variety of effects of bodily cues on cognition as metaphor-related influences on cognitive processes, such as weight being perceived as a cue for importance (e.g., Jostmann et al., 2009), we do not consider such models as suitable to account for our results.
The results of Experiment 1 suggest that physical effort enhances learning for both easy and more difficult words and affects JOLs dependent upon word difficulty. While there was a large increase in predicted recall probability for easy words for those participants who wore a heavy backpack, little difference ensued for difficult words. The result of differential effects of physical effort on metacognition depending upon word difficulty can be taken as evidence for a dual-process model of metacognition in which bodily cues primarily affect superficial thought processes triggered by easy learning contents, whereas processing routes activated through higher task difficulty remain unaffected. A similar embodiment model with a focus on judgment processes was put forth by Maglio and Trope (2012) . A dual-process model of metacognition proposed by Alter et al. (2007) , in which difficulty triggers more thorough modes of thought, offers an explanation for the weak effect of bodily cues on JOLs for the more difficult words in Experiment 1.
In contrast to Alban and Kelley (2013) , who found no significant effects of weight on learning results, we discovered a large effect of physical effort induced by carrying weight on retention performance.
As previously suggested (Alban & Kelley, 2013; Jostmann et al., 2009) some doubt on whether participants who wore a backpack subjectively experienced more cognitive demand as a result of higher physical demands. Furthermore, our findings are limited by our decision to form distinct levels of difficulty instead of using words of continuously varying difficulty. It needs to be noted that using a greater number of words than we used in our experiments could possibly lead to different results due to potential fatigue resulting from carrying a heavy backpack for a longer time.
In sum, our results suggested that learning and metacognition can be enhanced by physical effort depending on which processing pathway is triggered by learning targets. At the same time, these effects appeared to be limited to learning tasks involving only low overall cognitive load.
More generally, our results highlighted the need for continued work on theoretical accounts of embodied cognition. While conceptual metaphor theory is severely limited in explaining our results, dual-process models offer a more adequate alternative. Still, the underlying processes and their relations need to be further explored in order to develop a more comprehensive account of embodiment.
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